Glioblastoma is characterized by an aggressive and aberrant vascular network that promotes tumor progression and hinders effective treatment; the median survival is 16 mo despite standardof-care therapies. There is a need to improve therapeutic options for this disease. We hypothesized that antibody targeting of the vascular endothelium of glioblastoma with cytotoxic short-range, high-energy α-particles would be an effective therapeutic approach. Methods: E4G10, an antibody directed at an epitope of monomeric vascular endothelium cadherin that is expressed in tumor neovasculature and on endothelial progenitor cells in the bone marrow, was labeled with α-particle-emitting 225 Ac. Pharmacokinetic studies investigated the tissue distribution and blood clearance of the 225 Ac-E4G10 radioimmunoconstruct in a transgenic Nestin-tumor virus A (Ntva) mouse model of high-grade glioblastoma. Histologic analysis was used to demonstrate local therapeutic effects in treated brain tumor sections. Radioimmunotherapy with 225 Ac-E4G10 was performed in Ntva mice to assess overall survival alone and in combination with temozolomide, the standard-of-care chemotherapeutic agent. Results: 225 Ac-E4G10 was found to accumulate in tissues expressing the target antigen. Antivascular α-particle therapy of glioblastoma in the transgenic Ntva model resulted in significantly improved survival compared with controls and potent control of tumor growth. Adding the chemotherapeutic temozolomide to the treatment increased survival to 30 d (vs. 9 d for vehicle-treated animals). Histologic analyses showed a remodeled glioblastoma vascular microenvironment. Conclusion: Targeted α-particle antivascular therapy is shown for the first time to be effective in increasing overall survival in a solid tumor in a clinically relevant transgenic glioblastoma mouse model.
Gl ioblastoma is a malignant astrocytoma and one of the most rapidly fatal and incurable cancers (1) . These aggressive tumors are highly invasive, and their cellular processes can often extend several centimeters away from the primary lesion. Standard intervention is surgical resection followed by field radiotherapy (total dose of up to 60 Gy). Chemotherapy improves the outcome, but despite the aggressive combination of surgery, radiotherapy, and chemotherapy, the median survival is only 16 mo (2). Clinical outcomes for patients with glioblastoma have remained the same for many years despite numerous attempts to improve the standard of care. The probability of 2-y survival is less than 30% with optimal therapy (3). There is a need to provide better therapeutic options for this disease.
Glioblastoma is among the most vascularized tumors (4), making it an ideal target for antivascular therapies (5) . Bevacizumab, the first clinically validated antiangiogenic therapeutic for glioblastoma, inhibits vascular endothelial growth factor A signaling, which has a central role in blood vessel growth (6) . However, systemic toxicity has been an important issue when treating with bevacizumab (7), as well as observed resistance to the treatment (8) and only minimally improved survival benefit.
Damaging the tumor's vascular endothelium (VE) is another antivascular therapeutic strategy (9, 10) . a-particles are charged helium nuclei that travel only several cell diameters (40-80 mm). Individual a-particles deposit 5-8 MeV of energy over a short, densely ionizing track, causing cell death. This is 10-100 times more energy than is released in a b-particle emission typically used in radioimmunotherapy. a-particles are lethal when emitted in the vicinity of a target cell but spare normal bystander tissue outside their short range (11) (12) (13) . This characteristic particle energy and geometry offer clear advantages over other known forms of radiation as a means of precision cell killing, particularly in the brain. 225 Ac is an a-particleemitting radionuclide (half-life, 10.0 d) that, along with its daughters, releases 4 a-particle emissions, each individually lethal to cells in its path. This 225 Ac-antibody drug strategy has been described as an atomic nanogenerator for in vivo delivery of a-particles to tumor (12) .
a-particle-emitting radionuclides are among the most potent cytotoxic agents known, and the approval of Xofigo ( 223 Ra-chloride; Bayer Healthcare) by the Food and Drug Administration demonstrated the effectiveness and safety of targeted a-particle therapy (14) . We translated 225 Ac-lintuzumab into clinical trials against leukemia (15). To date, we have completed a crucial phase I study of 225 Ac-lintuzumab, demonstrating safety and biologic activity, leading to a multicenter phase I/II trial to determine the maximum tolerated dose, toxicity, and efficacy of fractionated doses of 225 Ac-lintuzumab in combination with low-dose cytarabine. We brought this knowledge to bear on the development of the VEtargeted antibody E4G10, a monoclonal antibody that binds to an epitope of monomeric VE-cadherin that is expressed by angiogenic VE (16, 17) and bone marrow-derived endothelial progenitor cells (18) . Importantly, E4G10 binds to an epitope present only on monomeric VE-cadherin but not the homodimeric form found in established resting vasculature, thus conferring specificity for tumor vessels and endothelial progenitor cells.
Here, we report the first, to our knowledge, preclinical investigation of cytotoxic a-particle irradiation as antivascular treatment of highgrade glioblastoma in a transgenic mouse model of rapidly progressing disease. We first investigate the biodistribution of the 225 Ac-E4G10 radioimmunoconstruct in naïve and glioblastoma-bearing mice and show local histologic response to the treatment in brain tumor tissue. In survival studies, we explore the therapeutic ability of radioimmunotherapy with 225 Ac-E4G10 in Nestin-tumor virus A (Ntva) mice as stand-alone therapy and in combination with the standard-of-care chemotherapeutic temozolomide. Targeted a-particle antivascular therapy is investigated for the first time in a solid tumor in a relevant transgenic glioblastoma mouse model.
MATERIALS AND METHODS

Radiochemistry
225 Ac (ORNL) was conjugated to the anti-VE-cadherin IgG2a rat antibody E4G10 (Eli Lilly and Co.) or an isotype-matched control antibody (IgG2a, anti-Keyhole Limpet Haemocyanin; R&D Systems) and purified and analyzed for radiolabeling quality as described previously (19, 20) . The purified radioimmunoconstructs were formulated in 1% human serum albumin (HSA; Swiss Red Cross) and 0.9% sodium chloride (Normal Saline Solution; Abbott Laboratories) for intravenous injection.
Glioblastoma Animal Model
The Ntva mouse (Ink4a-Arf 2/2 ; FVB/N, C57BL6, and BALB/C background) with the retroviral RCAS (replication-competent avian sarcoma-leukosis virus) system was previously described (21) and used for all studies in vivo. The RCAS vector carries the tumor-driver human platelet-derived growth factor B and is overexpressed by chicken DF-1 cells. Tumor induction was performed when Ntva mice were 4-10 wk old by stereotactic delivery of 2 · 10 5 chicken DF-1 cells (1 mL) intracranially at 1-mm caudal and 1.5-mm lateral from bregma into the right frontal cortex (injection depth, 2 mm).
Experimental Design for Studies In Vivo
Tumor growth and progression of glioblastoma-induced Ntva mice was assessed by performing T2 MRI 5 wk after induction. Animals were subsequently placed into treatment groups with a distribution of tumor sizes and treated with either 0.1 mL of radioimmunocontruct or injection vehicle, respectively, via retroorbital venous plexus. Animals were monitored for survival or sacrificed 10 d after the treatment and tissues harvested for analysis.
T2 MRI
Mice were MR-imaged to quantify initial tumor volumes for therapeutic studies and to assess treatment responses with a custom-made (inner diameter, 32 mm) quadrature birdcage body resonator (Stark Contrast MRI Research) while anesthetized under 1.5% isoflurane. All images were acquired on a Bruker USR 4.7-T scanner (Bruker Biospin MRI Inc.). The mouse head was imaged in coronal orientation using a T2-weighted fast spin-echo rapid imaging with refocused echo (RARE)
Pharmacokinetic Profile of Radioimmunoconstructs
Twenty-four Ntva mice with glioblastoma were MR-imaged for tumor growth and tumor sizes and placed in 8 groups (n 5 3); 40 naïve Ntva mice were arranged into 8 groups (n 5 5). Each animal received a single intravenous dose of 11.1 kBq (300 nCi) of 225 Ac-E4G10 or 225 Ac-isotype. Mice were euthanized at 4, 12, 36, and 240 h, and tissue samples were harvested, weighed, and counted in a g-counter using a 360-to 480-keV window at secular equilibrium. Aliquots (20 mL) of the injected doses were used as decay-correction standards. The percentage injected doses per gram of tissue weight were calculated and plotted as means. Statistical analysis of data was performed using Prism software (GraphPad Software Inc.).
Absorbed Dose Estimates
The percentage injected dose per gram of tissue weight values were converted to percentage of injected activity (%IA) per gram of tissue weight. Thereafter, the areas under the activity concentration-time curves were estimated by trapezoidal integration with the contribution of the terminal portion calculated by extrapolation from the 240-h value using the faster of apparent terminal clearance rate or physical decay. Subsequently, absorbed doses, D (Gy/MBq), were calculated from the area under the curve (%IA h/g) values according to D 5 10 · area under the curve · D, where D is the equilibrium dose constant for the total decay of 225 Ac. The value used for D (1.43 · 10 22 J/MBq h) includes the contributions of all the radioactive progeny of 225 Ac and thus assumes no translocation of any progeny from the site of the original 225 Ac decay.
Histologic Analysis
Glioblastoma-bearing Ntva mice (n 5 12) were placed into the following groups with an even distribution of tumor sizes: 225 Ac-E4G10 (n 5 4), 225 Ac-isotype (n 5 4), and 1% HSA vehicle (n 5 4). Anesthetized (1.5% isoflurane) mice received a single 7.4-kBq (200 nCi) dose (0.1 mL) via retroorbital venous plexus of 225 Ac-E4G10, 225 Ac-isotype control, or vehicle at day 0. Ten days after treatment, the tumor was harvested and analyzed. Briefly, mice were sacrificed and glioblastoma and brain were excised and fixed in 4% paraformaldehyde/phosphate-buffered saline for 2 d. Fixed tissue was paraffin-embedded and cut into 5-mm sections. Sections were stained with hematoxylin and eosin or anti-CD31antibody for endothelium, respectively. Sections were scanned with the Mirax Digital Slide Scanner using a 20· lens (Carl Zeiss Microimaging). Analysis was performed on whole tumor sections with Pannoramic Viewer software (3DHISTECH).
Survival Studies
Therapy was conducted for all survival studies after the initial MR imaging 5 wk after induction. Tumor induction with the RCAS system resulted in a normal distribution of tumor sizes and disease progression in tumor-induced mice (60%-80% of tumors small/medium sized; 10%-20% very small/not visible in the initial MRI; 10%-20% were large tumors occupying up to 20% of cranial space). Mice with large tumor sizes exhibited glioblastoma symptoms such as hydrocephalus or hunched posture and were excluded from entering studies (as well as animals exhibiting very small/not-yet-visible tumors). However, these late-stage animals entered survival study II to investigate therapy results in a late-stage disease scenario. Survival outcomes were scored and plotted using Kaplan-Meier survival analysis in Prism software.
Survival Study I
Mice were separated into a 225 Ac-E4G10 treatment group (n 5 9) and a 1% HSA (vehicle) group (n 5 8) and treated with 0.46 kBq (12.5 nCi) of 225 Ac-E4G10/g of body mass (7.4-11.1 kBq [200-300 nCi]/mouse).
Tumor growth was followed in 4 representative mice per group using T2 MRI to measure tumor volume at baseline (day 0; 5 wk after tumor induction) and 10 d later.
Survival Study II
Mice treated in survival study II exhibited advanced glioblastoma with symptoms of hydrocephalus and hunched posture. Mice were separated into a specific 225 Ac-E4G10 treatment group (n 5 4), a control 225 Acisotype group (n 5 3), and a 1% HSA vehicle-only control group (n 5 6). Mice were treated 5 wk after tumor induction with 0.46 kBq (12.5 nCi)/g body mass (7.4-11.1 kBq [200-300 nCi]/mouse) or with the 1% HSA injection vehicle.
Survival Study III
Animals in the 225 Ac-E4G10 plus temozolomide group (n 5 10) received 0.46 kBq (12.5 nCi)/g body mass (7.4-11.1 kBq [200-300 nCi]/ mouse) of 225 Ac-E4G10 and a cumulative dose of 10 mg of temozolomide (5 · 2 mg) via oral gavage using a 12% dimethyl sulfoxide/normal saline solution vehicle on days 0-4. Animals in the temozolomide group received a cumulative dose of 10 mg of temozolomide (5 · 2 mg) via oral gavage using a 12% dimethyl sulfoxide/ normal saline solution vehicle on days 0-4.
Statistical Analysis
Statistical analysis of data was performed using Prism software. Data are displayed as means with their SEMs. P values for comparisons between treatment groups were obtained in Prism using the Student t test for statistical significance (unpaired, 2-tailed t test). P values of less than 0.05 were considered statistically significant. Log-rank (Mantel-Cox) and Mantel-Haenszel tests were used to compare survival outcomes.
Study Approval
All animal experiments were done in accordance with the National Institutes of Health (22) guide for the care and use of laboratory animals and approved by the Institutional Animal Care and Use Committee of Memorial Sloan Kettering Cancer Institute.
RESULTS
Radioimmunotherapeutic Drug 225 Ac-E4G10 and Ntva Animal Model
The transgenic Ntva mouse modeled the platelet-derived growth factor-driven proneural glioblastoma subtype of human disease and was used to evaluate 225 Ac-E4G10 in therapeutic studies (21) .
Radiolabeling results were similar for the specific antibody E4G10 and the isotype control antibody used in therapeutic and mechanistic studies. The 225 Ac-E4G10 constructs were 97.6% 6 2.4% radiochemically pure (mean 6 SD; n 5 16) and had specific activities of 7.03 6 3.70 GBq (0.19 6 0.10 Ci)/g. The 225 Ac-isotype was 98.7% 6 0.84% (n 5 10) radiochemically pure and had specific activities of 4.81 6 2.96 GBq (0.13 6 0.08 Ci)/g. The biodistribution of 225 Ac-E4G10 and 225 Ac-isotype was profiled in Ntva mice with and without glioblastoma as a function of time ( Fig. 1; Supplemental Fig. 1 [supplemental materials are available at http://jnm. snmjournals.org]). 225 Ac-E4G10 cleared from the blood in glioblastoma mice within the first 2 d of treatment (Figs. 1A and 2A ) whereas naïve Ntva mice cleared the drug more slowly from the blood (Fig. 2B) , presumably because in the mice with tumors there were sinks for the drug to accumulate. The low activity accumulated in tumor can be attributed to the small number of monomeric VE-cadherin 1 cells being targeted in the mouse (the tumor ). Glioblastoma ± brain-to-blood ratio (C) and bone-to-blood ratio (D) illustrate accumulation of 225 Ac-E4G10 in tumor and red bone marrow tissue. Relative ratios of glioblastoma ± brain normalized to blood and bone normalized to blood are displayed. Green solid line is 225 Ac-E4G10 in glioblastoma mice, green dashed line is 225 Ac-E4G10 in naïve mice, blue solid line is 225 Ac-isotype in glioblastoma mice, and blue dashed line is 225 Ac-isotype in naïve mice. GBM 5 glioblastoma. cells are not targeted directly with this drug). Plotting the activity measured in the tumor and bone (which includes the red marrow) normalized to blood activity (Figs. 2C and 2D ) reveals a timedependent enrichment of the labeled antibody in glioblastoma/brain and bone versus blood. Monomeric VE-cadherin is expressed both in the glioblastoma vasculature and in the endothelial progenitor cells in the red marrow. The glioblastoma and bone data normalized to blood activity show less accumulation of the isotype control drug construct. The 225 Ac-isotype control antibody exhibited a prolonged blood half-life compared with 225 Ac-E4G10 (Supplemental Fig. 1 ; Fig. 2A ): 11.5% in the blood at 36 h and 5.2% at 240 h (vs. 1.8% at 36 h in the 225 Ac-E4G10 group).
Absorbed Dose Estimates of 225 Ac-E4G10 in Naïve and Glioblastoma Ntva Mice
We performed dosimetry calculations from the biodistribution data to estimate the tumor absorbed dose and to estimate doses to nontargeted tissues (Supplemental Table 1 ). The estimated absorbed dose of 225 Ac-E4G10 in glioblastoma-bearing mice for tumor/brain was found to be 24.4 6 4.8 Gy/MBq. In comparison, the estimated dose to healthy brain was 3.1 6 0.8 Gy/MBq. Hence, the estimated absorbed dose to tumor tissue was 7.7 times higher than that to healthy brain tissue (P 5 0.016).
Histologic Response to 225 Ac-E4G10 Treatment
The gross architecture of the glioblastoma vascular endothelial microenvironment changed as a result of 225 Ac-E4G10 therapy. Glioblastoma tissue sections were examined 10 d after therapy with hematoxylin and eosin staining and anti-CD31 endothelial cell marker (Fig. 3) . Vehicle-treated tumors showed characteristic hematoxylin and eosin morphology for high-grade glioblastoma. Massive branches of vasculature are visible, and the cellularity is increased. The tumor vasculature is morphologically distinct from healthy brain. Vessels in glioblastoma spread without organization, are tortuous, and show massive extensions in all directions. They are leaky (edematous), dilated, irregular in shape, and have diameters up to 100 mm. A single dose of 225 Ac-E4G10 leads to significant glioblastoma VE remodeling. These mice exhibited structural vascular changes with features analogous to healthy brain in which vessels are significantly smaller in size and diameter compared with controls. There are more necrotic regions noted in the vehicle and isotype control antibody groups as well as a greater CD31 density (P 5 0.038) than in vehicle-treated controls (Fig. 3B) . The intermediate changes in CD31 arising from 225 Ac-isotype were attributed to nonspecific irradiation from the activity that persisted in blood (Figs. 2C, 3A , and 3B).
Vascular Targeting 225 Ac-E4G10 Controls Tumor Growth
Tumors in animals treated with 225 Ac-E4G10 in survival study I were significantly smaller than tumors in the vehicle-treated group (P 5 0.017, Figs. 4A and 4B) 10 d after therapy. T2 MRI of 4 representative animals per group of animals from survival study I showed that baseline tumor volumes at day 0 of treatment (5 wk after induction) were 31.5 6 13.0 and 10.0 6 4.9 mm 3 in the vehicle and E4G10 groups, respectively. On day 10, animals in the vehicle-treated group had mean tumor volumes of 171.7 6 28.6 versus 42.7 6 26.9 mm 3 for 225 Ac-E4G10-treated animals. At the start of therapy, approximately 4% (on average) of the cranial space was occupied by glioblastoma, and by day 10 the untreated control mice had tumor volumes occupying approximately 35% on average of the cranial space.
Ac-E4G10 Radioimmunotherapy of Glioblastoma Vasculature Significantly Increases Survival
In survival study I (Fig. 5A) , we asked whether 225 Ac-E4G10 treatment improves overall survival of glioblastoma-bearing Ntva mice and whether the radioimmunoconstruct was active toward inhibiting glioblastoma growth (Fig. 4B) . Treatment with 225 Ac-E4G10 was found to significantly prolong median survival compared with controls. The median survival in the 225 Ac-E4G10 group was 21 d compared with 9 d in the vehicle group (P 5 0.0002, Fig. 5A ). Survival study II was conducted to demonstrate efficacy of treatment in animals with advanced disease symptoms and to show specificity of 225 Ac-E4G10 for increasing survival by comparison to the 225 Ac-labeled isotype control antibody or vehicle (Fig. 5B) . 225 Ac-E4G10 treatment prolonged median survival significantly compared with controls. The 3 groups had median survival values of 11 d for 225 Ac-E4G10 versus 7 d for 225 Acisotype versus 5 d for the vehicle group, respectively. Survival study III (Fig. 5C ) compared the efficacy of combined 225 Ac-E4G10 radioimmunotherapy and temozolomide chemotherapy in groups of mice with glioblastoma. The combinational therapy prolonged the median survival of Ntva mice to 30 d in the 225 Ac-E4G10 plus temozolomide group versus 26 d in the temozolomide-only group. The survival benefit in the combination group was not statistically different than temozolomide alone (P 5 0.128). However, the Kaplan-Meier plot of study III shows an extended survival tail, reflecting the 225 Ac-E4G10 plus temozolomide therapeutic benefit. Forty percent of animals in the combination therapy group were still alive on day 32 compared with 0% in the temozolomide-only group. The hazard ratio was found to be 0.4973 ( 225 Ac-E4G10 plus temozolomide/temozolomide), expressing the survival benefit for animals in the combined therapy group.
DISCUSSION
Glioblastoma is one of the most aggressive and vascularized tumors and therefore a strategic objective for the potent antivascular 225 Ac-E4G10 drug. We have reported the therapeutic effectiveness of 225 Ac-E4G10 directed against xenografted carcinoma VE and bone marrow-endothelial progenitor cells (18, (23) (24) (25) and now directed this drug against the VE of glioblastoma. We wanted to explore the therapeutic potential of 225 Ac-E4G10 arising from changes produced by a-irradiation in the glioblastoma vasculature. The glioblastoma blood-brain barrier presents a unique vascular microenvironment compared with the other carcinoma models that we have studied. The Ntva model is a genetically engineered mouse that recapitulates the genetics and histology of the human glioblastoma (21, 26) and provided a relevant orthotopic model for our investigations. Moreover, Ntva mice are not immunodeficient, which permits the interpretation of therapy outcomes under immunocompetent background.
a-particles have been proven to be potent therapeutic effectors when directed at cancer targets (11, 12) . The short effective range (several cell diameters) and high energies (5-8 MeV) of these particles make them ideal for targeting the aggressive growing tumor vasculature of glioblastoma while imparting minimal bystander radiation damage to the healthy brain tissue. The therapeutic efficacy of 225 Ac-E4G10 was significant, improving survival versus vehicle-treated controls; 225 Ac-E4G10 increased survival from 9 to 21 d. MRI measurements comparing the tumor volumes of 225 Ac-E4G10 (group 1) therapy compared with unspecific therapy with 225 Ac-isotype control antibody (group 2) and vehicle-treated controls (group 3). Animals in survival study II exhibited advanced symptoms of disease. (C) Survival study III comparing overall survival of mice treated with combinational therapy with 225 Ac-E4G10 radioimmunotherapy and temozolomide chemotherapy (group 1) versus temozolomide-only (group 2). *P , 0.05. **P , 0.01. ***P , 0.001.
vehicle-treated versus 225 Ac-E4G10 showed potent tumor growth control. Treatment efficacy and specificity of 225 Ac-E4G10 was demonstrated in animals with advanced disease (hydrocephalus and hunched posture) in a survival study versus 225 Ac-isotype and vehicle controls. The combination of 225 Ac-E4G10 and temozolomide increased median survival of glioblastoma mice further to 30 versus 21 d. There was no significant survival difference for the combination therapy compared with temozolomide only; however, we did observe a long-tailed survival curve, indicating a survival benefit in mice treated with radioimmunotherapy plus chemotherapy. Moreover, the hazard ratio showed a survival benefit in the combination group. Temozolomide is currently the chemotherapeutic of choice for the treatment of human glioblastoma; it is a cytotoxic prodrug that methylates nucleotide bases and inhibits DNA replication after hydrolysis (27) . Improving temozolomide delivery to glioblastoma as a result of vascular remodeling would be an advantage in this drug's use. 225 Ac-E4G10-treated animals in survival studies eventually progressed and succumbed to the disease. However, we conducted our a-particle therapy studies with a single dose of 225 Ac-E4G10 to provide therapeutic proof of concept and to demonstrate feasibility and efficacy of antivascular therapy with 225 Ac-E4G10 in glioblastoma mice. Multiple 225 Ac-E4G10 treatments and optimization of drug scheduling of combined therapies could be used to maximize therapeutic effect.
The pharmacokinetic distribution of 225 Ac-E4G10 in the Ntva mouse model showed drug accumulation in tumor and bone marrow versus the isotype control 10 d after administration. Both tissues express monomeric VE-cadherin and are therefore sinks for 225 Ac-E4G10 accumulation. The correlative data from naïve animals support this result. We found moreover a 7.7-fold increase in absorbed dose of 225 Ac-E4G10 to glioblastoma versus healthy brain tissue in naïve mice, explaining efficacy of the radioimmunoconstruct in tumor tissue. Histologic analysis of 225 Ac-E4G10-treated glioblastoma brain tissue showed an overall vascular depletion and a remodeled microenvironment. We observed a 64% drop in overall vascularity; vessels were smaller in size and better distributed over the whole tissue.
Estimates of absorbed doses to healthy tissues are crucial for toxicity estimates when treating with a-particles (28). We found greater than 20 percent of the injected dose per gram of tissue weight of 225 Ac-E4G10 in the liver 10 d after treatment, and the estimated dose to liver was the highest among nontargeted tissues (1,577 Gy/MBq in glioblastoma animals). However, similar or even higher doses to liver have been observed with the a-emitter 213 Bi in leukemia patients treated with 213 Bi-lintuzumab (29) , and no liver toxicity was noted in this study or the 225 Ac-lintuzumab clinical trials (30) .
The concurrent processes of vasculogenesis, angiogenesis, and tumor proliferation are keys to tumor growth and dissemination and interrelated by a paracrine effect. Disrupting and damaging the vascular endothelial architecture associated with tumor tissue is a recognized therapeutic strategy. This approach has been used clinically, with the approval of several antiangiogenic agents by the Food and Drug Administration. However, systemic toxicity and therapy resistance have been important issues when treating with bevacizumab and other antiangiogenic agents. Importantly, our drug acts primarily through direct cell killing, rather than through action on signaling networks and without the global side effects on the angiogenesis axis that other antiangiogenic drugs may promote. Furthermore, targeting endothelial cells in the inner lumen of the glioblastoma vasculature with this macromolecular radioimmunotherapeutic agent permits systemic administration and, importantly, does not require transit across the blood-brain barrier and penetration into the tumor. The requirement to cross the blood-brain barrier and accumulate in tumor could be a major hurdle for other glioblastoma-targeting agents.
CONCLUSION
Our preclinical studies in the Ntva mouse model found a promising potential of 225 Ac-E4G10 therapy as antivascular treatment for glioblastoma. We demonstrated in survival studies that radioimmunotherapy with 225 Ac-E4G10 in Ntva mice increased overall survival as standalone therapy from 9 to 21 d and controlled tumor growth. Survival was further increased to 30 d if the treatment was applied in combination with the standard-of-care chemotherapeutic temozolomide. We showed for the first time how an a-targeting antivascular drug in a relevant transgenic mouse model of glioblastoma improved survival. In view of future clinical development of 225 Ac-E4G10 as antivascular treatment for the therapy of glioblastoma, further studies investigating the mechanism of action of 225 Ac-E4G10 in the Ntva mouse model are necessary. We are currently investigating the changes in the architecture of the vasculature and tumor microenvironment caused by a-particle radiation in Ntva mice. Mechanistic studies will inform on the observed survival benefit on radioimmunotherapy reported herein using the 225 Ac-E4G10 drug in the glioblastoma Ntva mouse model.
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